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Embrittlement of Creep Resisting 
Steels at High Temperatures 


To obtain satisfactory information about the 
behaviour of steel at high temperatures it is not suffi- 
cient to determine only its resistance to creep by 
standard methods. Steels having a satisfactory resist- 
ance to creep may ‘show a brittle fracture after a 
relatively short time. The embrittlement of steel 
bolts exposed to high temperatures was studied by 
R. Scherer and H. Kiessler,* who concluded that the 
phenomenon was identical with temper brittleness, 
but that the embrittlement occurred more rapidly in 
highly stressed regions than in other parts of the 
bolts. A paper by E. Siebel and K. Wellingert on 
the testing of steels for embrittlement at high tem- 
peratures contains results which in some respects 
confirm, and in others conflict with, those of Scherer 
and Kiessler. Brittle fracture of nickel-chromium- 
molybdenum steel bolts under load was found to be 
associated with a marked fall in the notched bar 
impact figure of the material at room temperatures, 
a very slight reduction in elongation and a rise in 
yield point and tensile strength. The grain boundaries 
revealed by etching with nitric acid or electrolytically 
with ammonium persulphate were said to be more 
pronounced and the grains themselves clearer in the 
embrittled condition. The main part of the experi- 
mental work serves to emphasise the importance of 
stress in accelerating the rate of embrittlement. 
Tests were made on a steel containing carbon 0-12, 
chromium 0-73, nickel 1-61, and molybdenum 
0-79 per cent. exposed to temperatures between 
380 deg. and 500 deg. Cent. under a load of 30 kilos. 
per square millimetre (19 tons per square inch), and 
at 500 deg. Cent., both without loading and under 
loads of 10 kilos., 20 kilos., and 30 kilos. per square 
millimetre. At 400 deg. Cent. there was no change in 
impact figure after 2600 hours. At 500 deg. Cent. 
the impact figure of a specimen under a load of 
30 kilos. per square millimetre fell with time, thus— 
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The effect of increasing load on the impact value 
at room temperature of a specimen exposed under 





* Archiv fir das Hisenhiittenwesen, 1938-39, 12, 381; see 
THE METALLURGIST, June, 1939, 1939-40, 12, 46. 

t Archiv fir das LEisenhiittenwesen, March, 1940, 1939-40, 
13, 387. 





load to a temperature of 500 deg. Cent. for 2000 hours 
was as follows :— 
Mkg. per 
square cm. 
eS ee es eee ey ce 
Loaded 10 kilos. per square mm. 12-6 
” 0 ” % : 10-1 
is 0 is a shel tdae, ALE 

Thus the minimum impact figure attained dimin- 
ished with the load, but there was a pronounced 
embrittlement, even with a load of 10 kilos. per 
square millimetre. On the other hand, the authors 
state that heating alone, even for 1000 hours, pro- 
duced no change in the impact figure. Values are 
also quoted for the impact figure of material cut from 
the head (24 mm. diameter) and from the acting 
length (15 mm. diameter) of creep test specimens, 
which had extended 1-5 per cent. in prolonged creep 
tests at 500 deg. Cent. The impact figure at 20 deg. 
Cent. of material from the enlarged ends had risen 
from 27 mkg. to 33 mkg. per square centimetre, 
while that from the acting length had fallen from 
15 mkg. to 7 mkg. per square centimetre between 
the 300th and 900th hour of exposure. This agrees 
with the observations of Ruttmann, who found no 
fall in impact value in the head of a similar specimen, 
even after 10,000 hours at 500 deg. Cent., though there 
was a fall in the’material cut from the section under 
load. 

As a criterion of the behaviour of a steel at high 
temperatures, the authors advocate long-time tension 
tests on notched specimens to determine the tendency 
of the steel to premature fracture due to embrittle- 
ment. The load required to produce fracture of the 
notched tensile.creep specimen in 500 hours’ exposure 
under load at the testing temperature, the “ time 
strength ” (Zeitstandfestigkeit) is compared with the 
limiting creep stress at that temperature. For 
example, the nickel-chromium-molybdenum steel 
referred to had a limiting creep stress (10.10—* per 
cent. per hour in the 25th to 35th hour) of 42-5 kilos. 
per square millimetre, and a “time strength” (as 
defined above) of only 22-5 kilos. per square milli- 
metre, a ratio of about 0-5. The ratio, below 1, is 
an indication of the tendency to fracture in a com- 
paratively short time. On the other hand, a chro- 
mium-molybdenum-vanadium steel containing carbon 
0-20, chromium 1-26, molybdenum 1-40, and vana- 
dium 0-63 per cent., had a limiting creep stress of 
39-0 kilos. per square millimetre, and a “‘ time 
strength ” of 85 kilos. per square millimetre, a ratio 
of 2-2. Clearly, this steel is much less liable to pre- 
mature fracture due to embrittlement than that which 
showed a ratio of 0-5. In tests of this kind it is 
considered desirable that a ratio of time strength to 
creep limit of at least 1 to 1-5 be reached in order 
to avoid the brittle type of fracture which occa- 
sionally appears in practice. 
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This paper raises again the question on which there 
has been considerable controversy, viz., whether long- 
time embrittlement and temper brittleness are essen- 
tially the same phenomenon. Scherer and Kiessler 
were of the opinion that they are, although allowance 
must, of course, be made for the fact that quick tests 
of susceptibility will not reveal the degree of embrittle- 
ment which develops after long exposure. 

The paper was followed by a discussion in which 
the case for the identity of the two phenomena was 
put by H. Kiessler and the opposite view was argued 
by W. Tofaute. The conclusion of Siebel and Well- 
inger that embrittlement did not occur in nickel- 
chromium-molybdenum steel without loading was 
contrary to Kiessler’s experience and to that of most 
other workers. Evidence was quoted to show that 
the threaded ends and the shanks of screw bolts were 
equally embrittled, and the suggestion made that the 
heads of Siebel and Wellinger’s specimens, which did 
not become brittle, had not, in fact, reached as high 
a temperature as the acting length. In the absence 
of tests on the materials in their original condition, 
the supposed association of embrittlement with 
increased hardness may mean no more than that the 
initially harder steels embrittle more rapidly, which 
is quite a probable conclusion. Kiessler was prepared 
to agree from results of his own work that loading 
increases the rate of embrittlement, and the con- 
siderably reduced embrittlement of nickel-free steels 
found by Siebel and Wellinger was also in agreement 
with Scherer and Kiessler’s conclusions. 

W. Tofaute, on the other hand, characterised load- 
ing as the all-important factor. Not only in his 
experience were specimens taken from the enlarged 
ends of a creep test piece unaffected, but a specimen 
taken from the parallel portion of a notched tensile 
(creep) test piece showed a low impact value if its 
notch was immediately adjacent to that of the test 
piece, though it showefl no change if its notch was 
placed elsewhere. This was held to show con- 
clusively that embrittlement can be absolutely local. 
A further argument that brittleness: occurring under 
load is not to be identified with the usual temper 
brittleness, was derived from the behaviour of a 
nickel-chromium-molybdenum steel made with a high 
phosphorus content to make it specially susceptible 
to temper brittleness. Treated to give the tough con- 
dition, this had an impact value of 14 mkg. per square 
centimetre. After exposure to high temperature 
under load both enlarged ends and acting length had 
an impact figure of 1 mkg. to 2 mkg. per square centi- 
metre, but when a recovery treatment (the details 
of which are not given) was applied, the impact value 
of the acting length was raised only to 3 mkg. or 
4 mkg. per square centimetre, while by the same 
treatment the impact value of the slightly stressed 
enlarged ends was restored to the original 14 mkg. per 
square centimetre. It was therefore argued that, 
while the enlarged ends exhibited the usual charac- 
teristics of temper brittleness, in the more highly 
stressed part processes must have occurred which 
were independent of temper brittleness. In spite of 
the undoubted susceptibility of this steel to temper 
brittleness, it was found to exhibit the same time to 
fracture as similar steels of normal composition. In 
this connection, however, it may be recalled that 
whether a temper-brittle steel is brittle or tough at 
room temperatures, both conditions have the same 
impact value at temperatures above 350 deg. Cent. 

The suggestion that a temper brittle steel cannot 
be restored to its tough condition if it has been 
embrittled under load is contrary to the conclusions 





of a number of investigators. This behaviour, in the 
instance mentioned, may possibly have been due to 
thickening of the'grain boundaries to such an extent 
under load that the recovery treatment had not suffi- 
cient time to be effective, or to permanent damage of 
the grain boundaries under stress. The contention 
that temper brittleness and long-time embrittlement 
are essentially the same is not refuted by quoting 
apparent discrepancies, unless at the same time there 
is evidence that the differences noted are not due to 
secondary causes, in particular to the time factor. 
It is clear that, in view of the divergence of opinion 
on the matter, most careful planning, control, and 
recording of the conditions of experiment are especi- 
ally necessary in further work on the relation between 
temper brittleness and long-time embrittlement. 








Properties of Metals at Low 
Temperatures 


LOW-TEMPERATURE conditions are encountered 
in industry to an ever-increasing extent. The 
commercial production of oxygen and the supply of 
nitrogen for ammonia synthesis depends on the use 
of liquid air. Mercury diffusion pumps require 
gas-absorption vessels working at liquid air tempera- 
tures. Materials are needed on a small scale for 
research establishments, especially cryogenic labora- 
tories, in which vessels and equipment are required 
to withstand the effect of temperatures in the vicinity 
of absolute zero. At the other end of the low- 
temperature scale, large quantities of railway and 
aircraft material are frequently exposed to intensely 
cold weather conditions. 

Some physical properties of metals invariably 
show a higher value at very low temperatures than 
at room temperature, ¢.g., yield point, tensile strength, 
modulus of elasticity, and hardness. Other properties 
are often adversely affected, e.g., reduction of area, 
ductility in the bend test, and especially the notched 
bar impact value. Capacity for plastic deformation 
is of very great importance as it enables a structural 
material to withstand local stresses or blows without 
fracture. The notched bar impact value is the most 
satisfactory criterion of this behaviour, and therefore 
an essential feature of material for use at low tempera- 
tures is that it should maintain a satisfactory impact 
figure in the cold. This condition must, of course, 
be met by materials which also possess the necessary 
tensile strength and fabricating qualities, and which 
are not prohibitive in cost. 

A large amount of work has been done over a 
period of many years on the subject of low-tempera- 
ture properties of metals and alloys, but attention 
may be drawn to some recent papers which extend 
the range of information available. The numerical 
data contained in them cannot be adequately pre- 
sented in a small space, but an indication will be 
given of the general conclusions to be drawn from 
the work. 

The paper by T. N. Armstrong and A. P. Gagnebin! 
on the ‘‘ Impact Properties of some Low-alloy Nickel 
Steels at Temperatures Down to —200 deg. Fah. 
(—130 deg. Cent.)’’ contains the results of tensile 
and compression tests at room temperatures and 
only of impact tests (Charpy notch and V notch) 
at lower temperatures. Some important conclusions 
emerge from the results. For example, the fall in 
impact value at low temperatures is more pronounced 
in coarse-grained steel than in fine-grained steel ; 
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it is also more pronounced in rimming steel than in 
killed steel. Steel killed with aluminium and retaining 
some aluminium in solid solution maintains its 
impact value at low temperatures to a greater degree 
than similar steel killed in any other way. Steels 
which undergo strain ageing also show low-tempera- 
ture embrittlement. Heat-treated carbon steels 
retain their resistance to impact to a lower tempera- 
ture than the same steels normalised. For a given 
carbon content nickel-containing steels, whether 
cast or wrought, annealed or heat treated, show a 
smaller fall in impact value with fall of temperature 


than carbon steels in the corresponding condition, 





C. S. Smith® dealt in considerable detail with the 
behaviour of copper alloys at low temperatures. All 
wrought copper alloys are alike in that the effect of 
temperatures lower than normal is to improve all 
useful properties. Hardness, yield point and tensile 
strength show material improvement, and ductility 
—particularly as shown by elongation—is better at the 
temperature of liquid air or below than at room tem- 
peratures. Impact properties are practically un- 
affected. Castings of copper alloys show an increase 
of strength but a small decrease in ductility at low 
temperatures. 

A much wider range of materials and tests is 


TaBLE I.—Effect of Aluminium Addition on Impact Figure at Low Temperatures 














Composition, per cent. Brinell Impact value, foot-pounds. 
hardness. 

Cc. Ni. Mo. Al. Room temp. — 50°F. —100°F. | —150°F. | —200°F. 
0-17 3°61 _ oo 140 47,48 32, 36 26, 27 25, 26 15,18 
0-17 3-61 — 0-08 142 50, 52 43, 43 37, 40 29, 31 26, 30 
0-17 2-83 0-31 oo 176 47,47} 35, 35 31, 32 24, 26 2, 3 
0-17 2-83 0-31 0-08 168 50, 505 4], 43 37,41 30, 32 29, 30 
































Test piece : Charpy, with Charpy notch. Treatment of the steels: Air cooled from 1525 deg. Fah. (830 deg. Cent.), 
reheated to 1200 deg. Fah. (650 deg. Cent.), and air cooled. Grain size 3-4, without aluminium ; 7-8, with aluminium. 


and the addition of aluminium to a nickel steel still 
further improves its impact value at low tempera- 
tures. A 3-6 per cent. nickel steel and a nickel- 
chromium-molybdenum steel, treated with alu- 
minium, still showed useful properties when cooled 
to —200 deg. Fah. (—130 deg. Cent.). Typical 
results illustrating the effect of the aluminium are 
given in Table I. The temperatures employed in 
the work of Armstrong and Gagnebin did not fall 
below —130 deg. Cent. Similar conclusions were 





covered in the papers by A. Pomp, A. Krisch, and 
G. Haupt® on ‘ Notched-bar Toughness of Alloy 
Steels at Temperatures of +20 deg. to —253 deg. 
Cent.,” and ‘‘ Hardness Determinations and Tensile 
Tests on Alloy Steels at Low Temperatures,” and 
in that by A. Pomp and G. Haupt’ on the “ Strength 
of Alloy Steels at Low Temperatures,” which sum- 
marises the work. 

In upwards of sixty materials, representative of 
various current German specifications for steel and 


TaBLe II.—Hardness and Impact Value of Some Heat-treated Alloy Steels 















































Steel. Composition, per cent. Treatment. Brinell hardness. 
No. Type. Cc. Mn. Cr. Ni. Mo. Vv. O.H. Tempered. +20° C. — 183°C. 
11 CrMo 0-2 0-60 0-83 0-09 0-22 — 860°C. | 400/420 259 364 
13 CrMo 0-36 0-83 1-12 0-15 0-25 — 830 640/650 234 356 
16 CrMoV 0-40 0-64 1-80 0-06 0-36 0-19 800 620/630 285 418 
22 CrMoV 0-31 0-67 2-36 — 0-24 0-19 850 600 350 453 
34 NiCrMo| 0-34 0:45 1-88 2-27 0-40 —_ 850 590 337 411 
Steel. Impact value, mkg. per sq..cm. 
No. Type. +20°C. — 20°C. — 50°C. — 80°C. —100°C. | —140°C. | —183°C. | —253°C. 
11 CrMo 15-9 9-0 7°6 3-7 1-3 1-2 1-0 a 
13 CrMo >17-5 17-6 16-3 13-5 9-3 5-5 5-1 1-9 
16 CrMoV 15-1 13-8 14-9 9-8 6-4 4-8 5-0 2-5 
22 CrMoV 7-7 6-1 5-2 5-2 3-5 2-5 1-2 a 
34 NiCrMo 12-6 11-8 10-4 8-0 6-4 5:5 5-3 3:4 



































Impact test piece: 10 mm. x 10mm., with notch 1 mm. radius and 3 mm, deep. 


arrived at by H. Habart and W. J. Herge, of the 
National Tube Company of America,? as regards 
relative behaviour of carbon and alloy steels. An 
austenitic 18:8 chromium-nickel steel had an 
increased impact resistance at low temperatures. In 
this investigation it was found that the standard 
Charpy test piece was more sensitive than specimens 
of reduced size to variation in impact value with tem- 
perature. In connection with a general discussion? 
of the effect of sub-atmospheric temperatures on the 
properties of metals, W. Crafts and J. J. Egan‘ studied 
the effect of the testing machine and concluded that 
both Charpy and Izod types gave similar indications. 





non-ferrous metals and alloys for constructional 
and corrosion-resisting purposes, the impact value, 
hardness, and tensile strength was determined both 
at room temperature and at the temperature of 
liquid air. A number of these were also studied 
at intermediate temperatures, and in a few instances 
tests at the temperature of liquid hydrogen were 
also carried out. 

The low-alloy, heat-treatable.steels showed without 
exception a marked fall in impact value before a 
temperature’ of —183 deg. Cent. was reached 
(Table II). In each group steels with the highest 
hardness and: tensile strength in general showed 
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the lowest impact values at low temperatures. 
Hardness invariably rises as the temperature falls. 
In materials which are very hard at room temperature 
the rise is least. Lead and soft iron showed the 
greatest relative rise in hardness. Soft iron is com- 
pletely embrittled at low temperatures, whereas the 


recognised behaviour of austenitic steels at low 
temperatures.® 
REFERENCES 


1 Trans. Amer. Soc. Metals, March, 1940, 28, 1. 
2 Proc. Amer. Soc. Testing Materials, 1939, 39, 649. 
3 Ibid., p. 637. 


TaBLe IV.—Tensile Tests at Different Temperatures 

















Steel Temperature | Yield point, | Ultimate Elongation, | Reduction Brinell Ratio, 
Fe of test, tons/sq. in. stress, l=5d, of area, hardness U.S./B.H. 
No. Type. deg. Cent. tons/sq. in. per cent. per cent. number. 
11 CrMo + 20 | 45-5 54-5 17-6 71 259 0-210 
— 50 47-9 58-4 19-1 69 —_ —_— 
— 70 49-0 59-2 18-5 68 _— _ 
-183 70°3 78-3 18-8 51 364 0-215 
22 CrMoV + 20 70-0 77-6 15-0 63 350 0-222 
— 50 77-0 84-4 15-9 60 —_ —_ 
- 70 78-0 84-3 14-9 58 -— 
| - 183 96-8 102-8 14-0 37 453 0-227 
34 | NiCrMo + 20 66-2 74°8 16-7 65 337 0-222 
— 650 73°3 81-0 17-6 62 — — 
— 70 73-3 81-1 17-2 63 —_— _ 
-183 90-5 100-5 19-1 52 411 0-244 
43 Ni + 20 22-5 36-4 35-6 70 158 0-230 
| (Austenitic) — 183 32-8 58-7 40-9 62 205 0-286 
| 





























TaBLe V.—Hardness and Impact Value of Some Austenitic Steels 


























Steel Composition, per cent. Brinell hardness. Impact value, mkg. per sq. cm. 

“No. | Typ. | ©. | Mn. Cr. Ni. 420°C. | —183°C. | +20°C. | —183°C.| —253°C. 
: 43 Ni 0-12 rr 94 ne 42-06 158 205 >22-4 >25-0 >22-2 
46 CrNi 0-10 0-36 17-87 9-24 154 235 26-6 23-9 >21-9 
52 CrMn 0-11 13-2 15-1 1-43 194 252 24-7 22-8 >21-8 
56 CrMn 0-11 17-7 9-9 (Mo 1-0) 185 258 33-6 31-2 >22-0 

















Impact test piece: 10 mm. x 10 mm., with notch 1 mm. radius and 3 mm. deep. 





impact values of nickel, copper, and lead are improved 
by the fall in temperature (Table IIT). 





TaBLE II1.—Hardness and Impact Value of Metals 


























4 Proc. Amer. Soc. Testing Materials, 1939, 659. 

5 Tbid., p. 642. 

6 Mitt. Ew. Inst. fiir Eisenforschung, 1939, 21, 219, and 231. 

7 Archiv fiir das Eisenhiittenwesen, 1939-40, 13, 299. 

8 Earlier publications include the “‘ Symposium on the Effect 
of Temperature on the Properties of Metals ’’ published jointly 








. ; hy the American Society for Testing Materials and the American 
Metal Reinet hendnane. Sot — Society of Mechanical Engineers, 1931; and papers by E. W. 
Metal. g- Pp a wae : Colbeck and W, E. MacGillivray on ‘‘ The Mechanical Properties 
20°C: a ea on” 93° (1 of Metals at Low Temperatures” in the Transactions of the 
_ ee 3 F sito —aae C. | + 20°C. | — 183 si ib contin Institute of Chemical Engineers, vol. 11, 1933. 
[ron ... 121 | 259 | >24-9] 0-4 ae 
Nickel 121 | 159 >82-1 | >382-7 | >22-1 
Copper ... 84 105 =| > 9-8 | >12°3 >12-8 . 
co... me 4-3 9 | S 2-3] > 3-7 | Serr" Influence of Ferrite on the Inter- 











Conditions of hardness test: For copper, 5/250/30; - for 
lead, 10/100/30. Impact test piece: 10mm. x 10mm., with 
notch 1 mm. radius and 3 mm. deep. og 


The yield point (0-2 per cent. proof load) and 
tensile strength of steels rise with fall of temperature 
(Table IV). Elongation is not greatly affected by 
low temperature, but reduction of area is in some 
cases reduced to one-half. In the heat-treatable 
steels the ratio of tensile strength to Brinell hardness 
number remains constant within experimental error 
down to a temperature of —183 deg. Cent. In the 
austenitic steels this ratio shows a tendency to rise 
with fall of temperature. The most pronounced 
difference in behaviour between the pearlitic and 
the austenitic steels is, however, shown by the 
notched bar impact values. As already mentioned, 
those of the heat-treated pearlitic steels fell to a 
greater or less degree, but the impact figures of the 
austenitic steels, whether nickel, chromium-nickel, 
or chromium-manganese, were found ‘to suffer no 
appreciable fall and sometimes to rise in value 
(Table V). This confirms the already well- 





crystalline Corrosion of Chromium- 
Nickel Austenitic Steels 

It is well known that if certain chromium-nickel 
austenitic steels which are normally very resistant to 
corrosion are heated at a temperature within the 
range of 500 deg. to 900 deg. Cent. they become 
susceptible to intercrystalline disintegration when 
subjected to chemical attack, an effect which in a 
welded specimen is known as “‘ weld decay.’’ Various 
methods have been adopted to eliminate or at least 
to diminish this defect, the most important of which 
are :—(1) The limitation of carbon content to a very 
low value; this would be a complete cure if the 
carbon could be reduced to the solubility limit, about 
0:02 per cent.; (2) addition of carbide-forming 
elements, such as titanium, tantalum, and niobium : 
this is at present the most widely used method of 
preventing susceptibility to intergranular decay ; 
(3) special compositions designed to induce the 
presence of ferrite ; and (4) cold working with subse- 
quent heat treatment. Neither of the last two pro- 
cesses has attained much importance. 
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REHEATING AFTER COLD WORKING 

The effect of cold working and of subsequent 
reheating was made clear by the work of E. C. Bain, 
R. H. Aborn, and J. J. B. Rutherford!, which is 
illustrated in Figs. 1 and 2. The quenched steel was 
heated for 2 minutes, 1 hour, and 1000 hours at 
constant temperatures over a wide range. Heating 
at 540 deg. Cent. for 1 hour had no deleterious effect 
but 1000 hours’ heating induced strong susceptibility 
to decay. At 660 deg. Cent. the effect was produced 








of resistance to corrosion by prolonged heating as 
being due to diffusion of chromium from within the 
grains to the boundaries which had been impoverished 
by precipitation of chromium carbide. The more 
quickly occurring recovery of the cold-worked steel 
was attributed to the fact that in this the precipi- 
tated carbide was dispersed over the gliding planes 
and the distance through which the diffusion process 
had to operate was much less. 

An extremely long period of heating is required to 























TaBLE I.—Composition, Mech l Properties, Structure, and Susceptibility to Intergranular Attack of Steels Air Cooled from 
1050 deg. Cent. 
Composition. Ulti- |Elong- Intergranular attack after air cooling from 
Yield | mate | ation, 1050 deg. Cent. and reheating.* 
Steel.| C, Cr, Ni, | point, | stress,|7—5d, Structure. 
per per per |‘tons/ | tons/| per 1 hour, 10 hours, | 50 hours, 1 hour, 
cent. | cent. | cent. |sq.in.|sq.in.| cent. 600 deg. | 600deg. | 600 deg. 700 deg. 

1 | 0-10 | 18-20 | 3-53 | 59-7 | 80-6 | 12 | 25 percent. ferrite-+martensite) None None None None 

2 | 0-10 | 18-03 | 5-02 | 47-0 | 79-4 | 23 | 12 percent. ferrite-+-martensite|) None None None None 

3 | 0-09 | 18-62 | 6-63 | 20-3 | 44-4 | 43 5 per cent. ferrite-+austenite| After 30h. | After 100h.| After 200 h.| After 150h. 

4 | 0-09 | 21-10 | 3-98 | 29-2 | 56-5 | 24 | 55 per cent. ferrite+austenite+ None None None None 

martensite 

5 | 0-10 | 21-12 | 5-85 | 26-0 | 48-9 | 43 | 30 per cent. ferrite +austenite|After200h.| None None None 

6 | 0-09 | 20-30 | 8-33 | 19-7 | 40-6 | 58 5 per cent. ferrite-+-austenite| After 30h. | After 100h.| After 200h.| After 150h. 

7 | 0-10 | 21-74 | 3-62 | 28-6 | 54-6 | 24 | 65 per cent. ferrite-+-austenite-| None None None None 

martensite 

8 |} 0-09 | 22-16 | 6-05 | 26-0 | 45-1} 46 | 35 per cent. ferrite+austenite|After 200h. None None None 

9 | 0-10 | 22-30 | 8-37 | 22-9] 41-3 | 47 | 20 per cent. ferrite+austenite|After200h.| None None None 
10 | 0-10 | 25-46 | 4-10 | 36-8 | 48-3 | 21 | 80 per cent. ferrite-+austenite) None None None None 
11 | 0-10 | 25-66 | 6-09 | 34-3 | 45-1 | 27 | 60 per cent. ferrite-+-austenite| None None None None 
12 0-10 | 25-44 | 8-45 | 31-1 | 43-8 31 40 per cent. ferrite+ austenite} None None None None 






































* Followed by air cooling ; ‘‘ none ”’ indicates no attack after 200 hours’ exposure to the sulphuric acid-copper sulphate solution ; 
in other cases the time required to give signs of attack is recorded. 





more quickly. After heating to 760 deg. Cent. for 
only 2 minutes perceptible disintegration occurred 
under acid attack, but at temperatures above about 
640 deg. Cent. the metal, at first highly susceptible, 
is gradually restored. Similar data on the steel which 
had been reduced 50 per cent. by cold rolling are 
shown in Fig. 2. A general improvement in resistance 
to decay has been brought about, the temperatures to 
which exposure is detrimental are lower than in the 
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Fic. 1—ZIntergranular Penetration (Mils per 100 Hours) as 

Developed by 2 Minutes, 1 Hour, and 1000 Hours Heating at a 

Series of Constant Temperatures. (Chromium 18-1, Nickel 8-9, 
Carbon 0-08 per Cent.) 


quenched steel, and prolonging the time of exposure 
diminishes the susceptibility. For example, at 
600 deg. Cent. maximum susceptibility is developed 
in 2 or 3 minutes, while after about 10 hours the 
tendency to decay is eliminated. It is similarly 
removed by a longer time (about 100 hours) at 540 deg. 
Cent. Bain and his associates explained the recovery 





restore the resistance of the ordinary steel (not cold- 
worked), but by heating at 700 deg. Cent. the cold- 
worked metal can be rapidly rendéred immune to 
the deleterious effects of exposure to lower tempera- 
tures. The method is only applicable, however, in 
special cases. 


INFLUENCE OF FERRITE : 
On heating at a high temperature, ferrite (8-iron) 
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FiG. 2—Intergranular Penetration (Mils per 100 Hours) as 

Developed in the Same Steel Cold Worked 50 per Cent. by 2 Minutes, 

1 Hour, and 1000 Hours Heating at a Series of Constant 
Temperatures 


separates from some compositions of the 18:8 
chromium-nickel steel. The amount decreases with 
increase of nickel or of carbon, and increases with 
increase of chromium. With the appearance of ferrite 
a change in the mode of carbide precipitation occurs. 
Less is precipitated at the boundaries of the austenite 
grains. The ferrite contains most of the carbide, but 
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yet does not become so susceptible to decay as the 
austenite. Thus when ferrite is present the steel is 
less readily rendered susceptible to intergranular 
decay, and is more easily rendered immune by heat 
treatment. A reference may be made to the work of 
R. Scherer, G. Riedrich, G. Hoch?, who investigated 
the properties, structure, and susceptibility to 
intercrystalline attack, after various heat treatments, 
of a number of austenitic chromium-nickel steels. 
The composition and properties of some of these are 


recorded in Table I, while their structure is repre> 


sented in Fig. 3. This is a portion of Maurer’s 
structural diagram: the three fields shown are, 
above on the left, austenite ; on the right, austenite 
+ferrite ; below, martensite -+ ferrite. 

Tests for intercrystalline attack were carried out 
on specimens of sheet, 3 mm. thick, which, after being 
cooled from 1050 deg. Cent. in air, were reheated at 
600 deg. and 700 deg. Cent. and then boiled for 200 
hours in a solution containing 160 grammes copper 
sulphate+ 100 cc. concentrated sulphuric acid in 
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FIG. 3—Structural Diagram of the Chromium-Nickel Steels. 
Above, Left, Austenite; Right, Austenite+ Ferrite. Below, 
Martensite + Ferrite 


1 litre of water. The degree of attack was determined 
by microscopical examination. 

A comparison of the structural composition of the 
steel and the degree of intercrystalline attack revealed 
a clear connection between susceptibility and amount 
of ferrite present. After being heated at 600 deg. to 
700 deg. Cent. all the steels with a martensite -+- ferrite 
structure were resistant to attack and so also were 
those consisting of austenite with at least 50 per cent. 
of ferrite, though the latter were rendered susceptible 
by being heated at 1000 deg. Cent. The purely 
austenitic steels were, of course, very susceptible to 
attack after being heated for one hour at 600 deg. 
Cent. and the susceptibility increased with time of 
heating up to 600 hours and more. In these experi- 
ments the time of heating was not sufficiently pro- 
longed to induce any recovery. Steels with 5 per cent. 
of ferrite behaved similarly, but when the ferrite 
reached 10 to 20 per cent. heating for fifty hours at 
600 deg., or for a shorter time at 700 deg. Cent., 
restored their resistance. Steels with 20 to 50 per 
cent. of ferrite can also be readily restored to a non- 
susceptible condition, but in comparison with the 
true austenitic steels they are much inferior in 
mechanical properties. 

For practical purposes, therefore, an austenitic 
steel containing 10 to 20 per cent. of ferrite is most 
suitable for rendering immune to intercrystalline 





decay by heat treatment at a moderate temperature. 

This was verified by experiments on a steel con- 
taining carbon 0-09, chromium 22-64, nickel 10-20 
per cent., with 15 per cent. of ferrite, a yield point 
of 24-1 tons per square inch and an elongation 
(1=5 d) of 49 per cent. Its yield point was higher and 
elongation somewhat lower than those of the usual 
austenitic 18 : 8 chromium-nickel steel (15-9 tons per 
square inch and 55 per cent.). The strip, air-cooled 
for 1050 deg. Cent., was heated at temperatures 
between 500 deg. and 900 deg. Cent. and then subject 
to the attack of the copper sulphate sulphuric acid 
solution. The manner in which exposure to a given 
temperature first renders the steel susceptible and 
then immune to intergranular attack is shown in 
Fig. 4. This immunity is permanent against the effect 
of exposure to lower temperatures. Treatment at 
700 deg. and even up to 900 deg. Cent. causes no 
re-solution of carbide and a subsequent heating for 
one hour at 600 deg. Cent. has no detrimental effect. 

The austenitic chromium-manganese steels are 
subject to intercrystalline attack in the same way as 
the 18:8 chromium-nickel steels, and it was found 
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Fic. 4—Intergranular Penetration of an Austenitic Chr 
Nickel Steel Containing About 15 per Cent. of Ferrite in relation 
to Heat Treatment 


that the presence of ferrite in these operated 
simHarly. One containing 25 per cent. of ferrite, air 
cooled for 1050 deg. Cent., was rendered immune 
after three hours’ heating at 700 deg. Cent. 


FERRITE-FORMING ADDITIONS 


Certain elements which reduce susceptibility to 
intercrystalline attack are known to increase the 
proportion of ferrite in the steel. The effect of some 
of these, eg., titanium, tantalum, and niobium 
(columbium) is generally and probably correctly 
attributed to their power of forming carbides. Much 
of the effect of other additions, e.g., molybdenum, 
tungsten, and vanadium, may be due as much to 
their tendency to cause the separation of ferrite as 
to their capacity to combine with carbon to form 
insoluble carbides. 

In order to discriminate between the two effects 
experiments were carried out by G. Riedrich and 
G. Hoch? on austenitic chromium-nickel steels con- 
taining vanadium, which readily forms a stable 
carbide and at the same time is one of the elements 
which close the y-region, forming ferrite. To establish 
the influence of vanadium as a carbide-forming 
element, the series of steels shown in Table II was 
studied. In order to prevent the formation of ferrite 
a nickel content of 9 to 10 per cent. was present with 
vanadium up to 2 per cent., and when the vanadium 
was higher the nickel was correspondingly increased. 
The table includes mechanical properties of the steel 
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as cooled in air from 1050 deg. Cent. Sheet specimens, 
3 mm. thick, of the steels were tested for intergranular 
attack in a solution of sulphuric acid and copper 
sulphate after they had been reheated at 500 deg. to 
700 deg. Cent. and cooled in air, and also after auto- 
genous welding. Steel 6 with vanadium 3-0 per 
cent. and a ratio of carbon to vanadium of | : 25 
showed equally pronounced ‘“‘ weld decay ”’ as steel 1 
with 0-76 per cent. of vanadium and a carbon : vana- 
dium ratio of 1: 7:6. Hence, as a carbide forming 
element vanadium has no effect on susceptibility of 
chromium-nickel austenite steels to intergranular 
attack. 

To determine its influence in relation to ferrite 
formation three melts of 18:8 chromium-nickel 
steels containing from 1 to 2-5 per cent. of vanadium 


TaBLeE II.—Composition, Mech 








longer heating, e.g., fifty hours at 600 deg. Cent., or a 
shorter time at higher temperatures, resistance to 
attack is greatly improved. The steels thus behave 
in a similar way to the chromium-nickel steels con- 
taining some ferrite which had previously been 
studied by R. Scherer, G. Riedrich, and G. Hoch, and 
the favourable action of vanadium in reducing ten- 
dency to intercrystalline attack is shown to lie in its 
power to form ferrite. It is probable that similar 
considerations apply to additions of silicon, tungsten, 
and molybdenum. 

There is general agreement that intergranular 
attack of the chromium-nickel steels is occasioned by 
local impoverishment in chromium resulting from 
precipitation of chromium carbide. The restoration 
of resistance to attack brought about by prolonged 


l Properties After Air Cooling from 1050 deg. Cent., and Susceptibility to Intergranular Attack 


of Steels Containing No Ferrite 

















| 
Intergranular attack after air cooling 
Composition. Yield |Ultimate| Elonga-| from 1060 deg. Cent. and reheating.* |Intergranular 
Steel. point, | stress, tion, attack on 
C, Cr, Ni, V, tons per|tons per} /=5d, | Lhr., | Lhr., | 10 hr., 50 hr.,| lhr., | autogenous 
per cent.| per cent.| per cent.| per cent.| sq. inch. | sq. inch.| per cent.| 500°. | 600°. | 600°. | 600°. | 700°. weld. 
( Some 
1 0-10 17-91 10-24 0-76 20-2 40-3 58-4 decay 
2 0-11 17-35 9-20 1-04 18-0 39-4 red at 10 mm. 
3 0-13 18-05 9-95 1-32 19-9 40-9 57-8 (| No Com- | Com- | Com- | Strong to 15 mm. 
4 0-09 17-68 10-60 2-12 18-7 39-4 52-2 (| attack | plete | plete | plete | attack from the 
5 0-10 17-37 12-41 2-32 20-4 39-2 50-2 decay | decay | decay welded 
6 0-12 17-35 | 14-05 3-01 19-0 38-6 49-6 | joint 









































* Followed by air cooling. 


were studied. These with their properties are shown 
in Table III. They all contained ferrite, the pro- 


TaBLeE III.—Cor iti Mech lL Properties After Air 
Cooling from 1050 ihe. Cent., and Susceptibility to Inter- 
granular Attack of Steels Containing Ferrite 





Bee ses wee. “ise “bast > Sag 9 sie 7 ve 8 se 9 
Composition— 
C, per cent. 0-10 ... 0-10 0-12 
Cr, per cent. ... - 18-95 ... 18-76 ... 18-09 
Ni, per cent. . 8-83... 8-80 8-94 
V, per cent. ... oe 2-16 ... 1°82 ... 2°40 
Yield point, tons per ‘sq. inch... 23-9 27-7 =... 28°4 
Ultimate stress, tons per sq. inch 42-5 44-1... 42-9 
Elongation, 1=5d, per cent. ... 47-9 42:4... 41-5 
Ferrite in structure, per cent.... 15 joe . 30 
Intergranular attack after air cooling from 
1050 deg. Cent. and reheating*— 
One hour, 500 deg. ... ... None ... None None 
One hour, 600 deg. .-.-Complete... Nearly ... Nearly 
decay complete complete 
decay decay 
10 hours, 600 deg.... Some None ... None 
attack ; 
50 hours, 600 deg.... . Slight .... None None 
attack 
1 hour, 700 deg. ... -.» None None None 
1 hour, 700 deg., and one e hour 
600 deg. . None None None 


Intergranular attack on " auto- 


genous weld . Some decay at 10mm. to 15 


mm. from the welded joint 
* Followed by air cooling. 


portion of which increased with increasing vanadium 
content. In these the tendency to ‘‘ weld decay ” 
was still present in all the welded specimens, but not 
to the same degree as in the fully austenitic steels, 
and the susceptibility to intercrystalline attack after 
reheating treatments was less in the steels containing 
higher vanadium. The strongest attack was produced 
after heating for one hour at 600 deg. Cent. After a 





heating is thus due to diffusion of chromium in the 
austenitic steel again producing uniform distribution 
of chromium. The more rapid recovery of chromium- 
nickel steels containing ferrite is held to be due to the 
fact that the ferrite is initially richer in chromium 
and that diffusion of chromium occurs more readily 
in ferrite than in austenite. This view was endorsed 
by W. Tafaute on the evidence of researches carried 
out in the Krupp laboratories. 

The effect of such additions as silicon, tungsten, 
molybdenum, and vanadium is not confined to the 
influence they exert on ferrite formation. Each of 
them exercises a specific influence on strength, 
welding properties, general corrosion and. resistance 
to scaling, but the work of Scherer and his associates 
indicates how great an effect their ferrite-forming 
capacity may have in tending to inhibit intergranular 
attack. To render this method effective the steel 
must be produced with a relatively large proportion 
of ferrite, e.g., 10 to 20 per cent. On the other hand, 
many of the valuable properties of corrosion-resisting 
steels depend on the homogeneity of their austenitic 
structures, and moreover the hot-working qualities 
of the two-phase alloys leave much to be desired. 
These and other related matters are discussed in a 
recent series of articles on “‘ 18: 8 and Related Stain- 
less Steels,’ by W. M. Mitchell, who emphasises the 
far greater value of the stabilising effect of the 
carbide-forming elements. 
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Books and Publications 


The Alloys of Iron and Chromium: Vol. II, High- 
chromium Alloys. By A. B. Kinzet and Russety 
FRANKS. 8vo, pp. xv+559. New York and 
London : McGraw-Hill Publishing Company, Ltd. 
1940. 40s. 


THE first volume of this treatise on the alloys of iron 
and chromium dealt mainly with the chromium steels 
containing up to 10 per cent. of chromium. The 
present volume deals with chromium steels contain- 
ing more than 10 per cent. of chromium, and with the 
more complex chromium-iron alloys having a similar 
chromium content, including all the rustless and heat- 
resisting steels with the exception of those which 
contain more nickel than chromium. Vol. I, however, 
is an indispensable introduction to Vol. II. The 
constitution of the iron-carbon-chromium alloys was 
discussed in Vol. I,-and details are not repeated in 
Vol. II, though some additional data are referred to 
and the constitution of the complex alloys of iron and 
chromium with nickel, manganese, or silicon, and the 
effect of carbon on each of these is dealt with in detail. 
Similarly, a general knowledge of the effects of 
chromium in steels of both high and low chromium 
content, outlined in Vol. I, is essential to the under- 
standing of the more specialised treatment of the 
high-chromium steels in Vol. IT. 

The materials dealt with are classified as low- 
carbon, medium-carbon and high-carbon steels con- 
taining 10 to 18 per cent. of chromium, plain and 
modified chromium steels containing 20 to 35 per 
cent. of chromium, chromium cast iron containing 
12 to 35 per cent. of chromium, austenitic chromium- 
nickel steels, and similar steels modified by the addi- 
tion of carbide-forming, ferrite-forming and other 
additions, chromium-manganese steels, and iron- 
chromium-aluminium alloys. The book adequately 
covers this wide field, though it would be possible to 
indicate subjects on which more information would 
have been welcome ; for example, the effect of com- 
position on the deep-drawing qualities of austenitic 
steels. It contains hitherto unpublished results of 
work carried out in the Union Carbide and Carbon 
Research Laboratories, and deals extensively with 
American advances in the metallurgy of chromium 
steels, such, for example, as the use of high-nitrogen 
ferro-chromium in the production of nitrogen-contain- 
ing high-chromium steels, in which the nitrogen is 
stated to increase ductility during hot working and 
to facilitate cold working, to reduce grain size, increase 
impact resistance, and restrain grain growth near 
welds. Advances made in this country are not over- 
looked, and the authors pay a special tribute to the 
pioneer work of Mr. Brearley, and record their 
acknowledgment of discussions, both oral and written, 
with Dr. Hatfield and Mr. Monypenny. 

The book follows the plan laid down for all the 
Alloys of Iron Research monographs, and contains 
many suggestions as to the directions in which further 
research and industrial development are desirable. 
The authors are outstandingly well qualified for the 
task assigned to them by the Iron Alloys Committee 
of the American Engineering Foundation, and have 
now produced, as a worthy companion to the first 
volume, a standard work of reference on the high- 
chromium alloys. 





The Metallurgy of Deep Drawing and Pressing. By 
J. D. JEvons. Royal 8vo, pp. xv+699. 1940. 
London : Chapman and Hall, Ltd. 50s. 


In the rapid extension of the use of the cold pressing 
and deep-drawing processes which has taken place 
during the last twenty years the progress of the art 
and practice of the method has largely outstripped 
the advance in our knowledge of the fundamental 
factors governing the behaviour of metals in the 
process of plastic deformation. In recent years, 
however, conferences and co-operative research, 
sponsored by the Institution of Automobile Engi- 
neers, have had the effect of directing the attention 
of several groups of workers—the makers and users 
of deep-drawn metals, engineers, metallurgists and 
physicists—to the problems involved, and interest in 
the wider aspects of the subject has been aroused. 
It is very opportune, therefore, that a book of the 
character of the one under review should appear at 
this time, and singularly fortunate that it should have 
been written by an authority like Dr. Jevons, who, 
by his experience as chief metallurgist in an organisa- 
tion which produces and makes use of pressings 
on a very large scale, is able to approach the 
subject with a practical as well as a scientific 
outlook. 

By far the most important metals for deep drawing 
are brass and steel and the author devotes the first 
seven chapters to these metals, dealing with the pro- 
duction of brass and steel sheet and the defects and 
difficulties which arise in the manufacture of pressed 
or drawn products. The deep-drawing process is 
next considered in relation to other metals, viz., 
aluminium and its alloys, magnesium alloys, copper, 
nickel and nickel alloys, zinc, stainless and other 
alloy steels. Presses and tools are then dealt with and 
the succeeding chapter is devoted to lubricants, a 
subject frequently neglected, but of primary import- 
ance in connection with deep drawing and pressing. 
A chapter on the testing of sheet metal is followed by a 
discussion of the properties which determine the 
behaviour of metals during deep drawing. Sugges- 
tions are offered for the framing of specifications for 
deep-drawing quality metals, though it is admitted 
that results obtainable from the tests which are now 
in common use fail to provide a complete or even 
reliable forecast of the behaviour of the metal during 
some particular sequence of deep-drawing operations. 
A chapter of nearly forty pages on new applications 
of deep drawing and pressing reveals the amazing 
variety of applications of deep-drawn and pressed 
shapes which are now being produced, every advance 
demanding improvement in the metal and in the press 
shop procedure. Indications of the lines on which 
these improvements are being achieved are given in 
the final chapters. 

This is the first English book dealing in such a 
comprehensive way with the metallurgy of deep 
drawing and pressing, and it is one on which both the 
author and the publishers are to be congratulated. 
Its subject matter is very clearly presented and well 
illustrated with numerous photographs and diagrams. 
It is, indeed, as Professor H. W. Swift says in a fore- 
word to the book, “a signal service to the industry,” 
and it may be confidently recommended to practical 
and scientific workers whose object is to advance this 
specialised branch of engineering. ; 














